Abstract: Based on the photoelectrothermal (PET) theory, prediction methods for the thermal effect and optical properties of the light-emitting diode (LED) systems mounted on a given parallel plate-fin heatsink are proposed in this paper. With the PET theory and the heatsink characteristics (heat transfer coefficient, equivalent radius for heat source, fins efficiency), it is possible to accurately quantify junction temperature, heat dissipation coefficient, optical power, and luminous flux of the LED systems. The prediction model consists of a series of optical and thermal evaluation, with which it is simple for LED system designers to comply. The proposed model has been validated using LED sources, which shows good agreement between the calculated and experimental results.
Introduction
Light emitting diodes (LEDs) are gaining acceptance in the lighting market and replacing traditional lighting sources in a growing list of decorative, display, and public lighting applications. Unlike traditional lighting sources such as incandescent and fluorescent lamps, the luminous flux of LEDs is highly sensitive to temperature [1] . White LEDs are evolving rapidly for the high luminous efficacy and become wildly used. Power LED sources can produce high luminous flux, making LED array modules the preferred choice for many lighting applications [2] , [3] . As the LED heat escalates, junction temperature will affect internal quantum efficiency, external quantum efficiency, maximum light output, and reliability [4] . When the LED junction temperature increases, the shift of the emission wavelength will occur. The increasing wavelength can cause LED lights to appear red or even white LED lights to appear bluish [5] . For high-power lighting system, heatsinks are commonly used to keep the junction temperature of the power semiconductors below their maximum permissible limits. With the increase in heat dissipation from lighting system and the reduction in overall form factors, it became an essential practice to optimize heatsink designs with the fewest trade-offs in material and manufacturing costs.
The optical, electrical, and thermal properties of LED devices are highly dependent on one another. LED systems could be designed to meet practical constrains such as reliability and international standards. For compact LED systems with devices packed closely together, improper device geometric arrangements on the heatsink and uneven heat distribution among LED devices can degrade both the LED device and the system's performance [6] . High temperature in the LED systems can result in the significant reduction of the light emission caused by the thermal quenching effect. Commercial high-power LED lighting systems of 150W, for example, typically require aluminum heatsinks of weight exceeding 10 kg. Large heatsinks are normally required for high-power LED systems such as LED street lighting because about 80% of the input power of LED devices ends up as heat [7] . The interactions of photometric, electric and thermal aspects have been described mathematically in a photo-electro-thermal (PET) theory for LED systems [8] , [9] . The PET theory can also be used to set criteria for the optimal thermal design for the appropriate heatsink for a given application. So far, no direct practical work on light output of LED lighting system mounted on a solid heatsink with structure parameters has been reported.
In this paper, the thermal performance and light output of the LED device mounted on the parallel plate-fin heatsink is estimated based on the PET theory. The optical performance of the LED sources linked to the thermal characteristics of the parallel plate-fin heatsink is quantified. The heat dissipation power of the heatsink and the optical characteristic of the LED system are evaluated theoretically and experimentally. With the photo-electro-thermal model and the heatsink characteristics (heat transfer coefficient, equivalent radius for heat source, fins efficiency), it is possible to accurately quantify the junction temperature, heat dissipation coefficient, optical power and luminous flux of the LED system. The new methodology of this paper offers a fast modeling and simulation solution to emerging LED systems mounted on the parallel plate-fin heatsink and overcomes the limitations of existing time-consuming multi-physics simulation tools that do not couple heatsink and photometric modelling functions together. In this paper, the proposed model provides new information for the LED device manufacturers to understand the thermal characteristics of the parallel plate-fin heatsink, and the theory can be used by both manufacturers and researchers as an indicator for comparing the optical variation and heat dissipation of lighting applications with a different parallel plate-fin heatsink.
Thermal Performance of Parallel Plate-Fin Heatsink
When designing or selecting an appropriate heatsink, one needs to evaluate parameters that link to not only the thermal performance of heatsink, but also the optical properties of the LED system [10] . The choice of a particular type of heatsink depends largely on the thermal budget allowed for the heatsink and external conditions surrounding the heatsink.
Heatsink Modeling
A general, thermal characterization of heatsink relates to fin type, thickness of heatsink base, heatsink width, heatsink length, heat transfer coefficient, etc. Fig. 1 shows the thermal performance of a typical parallel plate-fin heatsink. Thermal performance of a typical parallel plate-fin heatsink can be determined by theoretical model with heat transfer and fluid theory. Fig. 1 shows the geometrical structure and thermal performance of a typical parallel plate-fin heatsink. For compact systems with multiple LED devices closely placed together, the geometrical arrangement of the devices on the heatsink and its uneven heat distribution can degrade both the devices' and system's thermal, optical, and electrical performance. Currently, there is still a lack of understanding on how the parallel plate-fin heatsink structure can affect the thermal and luminance properties of the LED in such systems. This would be important for their improved thermal management and system design. The thermal resistance of base R b can be expressed as
where t b is the thickness of the heatsink base, k hs is the thermal conductivity of the heatsink material, W is the heatsink width, and L is the heatsink length. The thermal resistance from the fins to the air R f [11] can be expressed as
where M is the fins number, t f is the fins thickness, h flui d is the convective heat transfer coefficient, A base is the area of base surface, η fi n is the heat exchange efficiency of fin, A fi n is the surface area per fin taking into account both sides of the fin, and b is the gap between the fins. The heat convective coefficient is obtained by
where R e is the Reynold number, Nu is the Nusselt number, P r is the Prandtl number, ρ is air density, V is average air flow velocity, μ is air viscosity, c p is specific heat of air, and k flui d is air thermal conductivity [10] . The fins efficiency for heatsink can be by calculated using
where H f is fins height.
Putting (5) into (2), the thermal resistance from the fins to the air R f can be expressed as
Spreading Thermal Modeling
If heat conducts across a region with different cross-sectional area, spreading thermal resistance should be evaluated. The spreading thermal resistance is used to describe that heat flows from a narrow region into a larger sectional area. It is noted that the spreading thermal resistance R s exist whenever heat flows from one region(device mounted heatsink) to another of different cross sectional area(heatsink base) [12] . In many systems, the spreading thermal resistance may become greater than material thermal resistance in a system, and represent an essential part of the total thermal resistance in predicting the overall thermal performance of the device. Consider thermal characteristics of a heatsink, the majority of the heat dissipated by the LED device will first flow through the heatsink base and then into the fins, where most of the heat dissipation occurs convection and radiation.Because there is a significant difference between the heatsink's base and the heat source's base, the spreading thermal resistance R s should be included in the thermal model of heatsink.
For non-circular shape of a heat source or heatsink base, the equivalent contact and plate radii for the heat source or heatsink base are obtained as follows:
where A is the area of the base plate for the heat source or heatsink base, and r is the equivalent radius for the heat source or heatsink base [13] . The spreading thermal resistance R s can be expressed as
where r 1 and r 2 is the equivalent radius for the LED source and heatsink base, respectively. Based on above equations, it is possible to determine the thermal resistance of a parallel plate-fin heatsink for different configuration, and the total thermal resistance for the parallel plate-fin heatsink can be expressed as
Several important observations should be noted from (9): 1) Equation (9) relates the thermal resistance of the parallel plate-fin heatsink R hs to the thermal conductivity of heatsink and air (k hs and k flui d ), the heatsink dimension (W, L , A base H f and t f et al), the Reynold number R e , the Prandtl number P r , and the geometrical parameters of LED device (the equivalent radius for heat source). It is a model that links the geometrical parameters and thermal characteristics of the heatsink together. 2) For a given thermal design for the parallel plate-fin heatsink with a determined structure and material, the heat dissipation of the heatsink is dependent on the equivalent radius of LED sources.
3) It has been suggested that the heat dissipation of the heatsink is dependent on the spreading thermal resistance between the LED source and the heatsink base. However, no quantitative model has been previously reported to relate the junction temperature to the spreading thermal resistance.
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Relationship of the Heat Dissipation Coefficient and Optical Properties
It has been proved that the variation of the wall-plug efficiency with the junction temperature is fairly linear, and the variation of the wall-plug efficiency with the electrical power is parabolic. It can be mathematically verified [14] that the heat dissipation coefficient k h is a 2-D function of electrical and thermal effect.
In the first test, by fixing the electrical power P d at P o and allowing the junction temperature T j to vary, the relationship of the wall-plug efficiency η w and T j at constant P d ( = P o ) can be measured. It can be seen that this is a linear relationship which can be expressed as
In the second test, the junction temperature T j is kept constant at T o and the electrical power P d is allowed to change. It can be seen that this typical results can be expressed as
After the two-test procedures have been completed based on (10) and (11), these two curves can be plotted together. The intersection point (μ) of these two curves can then be determined. The general form of η w can then be expressed as
Therefore, LED manufacturers can measure and calculate the wall plug efficiency and then determine the parameter k h for inclusion in future data sheet
where T hs is the heatsink temperature; P d is the electrical power; P op t is the optical power; η w is the wall-plug efficiency; and α, β, δ, γ, χ, μ are parameters with physical properties of LED source. The effect of the luminous flux reduction with increasing current has been studied and linked to several mechanisms, such as current leakage by tunneling of electrons to the states of InGaN/GaN interfaces, effect of auger recombination, effect of built-in piezoelectric fields. As shown in (12), the photo-electro-thermal theory has included that LED light output rises sub-linearly with the electrical power under "constant junction temperature" operation, which indicates optical variation without thermal effect [14] . The wall-plug efficiency η w as a function of the electrical power and the junction temperature can be evaluated based on a series of optical measurements, k h can be extracted with the knowledge of η w . Therefore, the optical measurements can conductor a fast way to determine k h , provided that sophisticated equipment such as TeraLED &T3ster system is available.
Effect of Temperature on Luminous Flux
Based on the steady-state model, the steady-state heatsink temperature (T hs ) can be expressed as
where T a is the ambient temperature, P h is the heat dissipation power, R hs is the heatsink' thermal resistance, R jc is the LED' thermal resistance, and N is the LED number. The junction temperature of each LED is therefore
Putting (9) into (15), the junction temperature with the heatsink model can be expressed as
In the PET theory [8] , the relationship of the luminous efficacy E and the junction temperature follows the following linear equation as illustrated graphically in LED data sheets:
where E o is the rated efficacy at the rated temperature T o (typically 25°C in some LED data sheets) and the coefficient k e is the relative rate of reduction of the luminous efficacy with increasing temperature.
Combining (15) and (17) gives the modified luminous efficacy equation as
The total luminous flux φ v of an LED system can be given as
Because k e is negative and less than 1, (19) is in the form of
, where α 1 and α 2 are two positive coefficients. η w decreases with increasing of P d , k h increases as P d rises. As P d is increased from zero, φ v increases almost linearly because the second term is negligible when P d is small. As P d increases, the second negative term, which is proportional to the square of P d , will become increasing dominant and will reduce φ v significantly.
Effect of Heatsink Structure on Luminous Flux
Putting (9) into (19), the total luminous flux of LED system mounted on the parallel plate-fin heatsink can be given as
Based on (20), several important points should be noted:
1) The luminous flux φ v is related to the electrical power P d , the junction temperature T j , the thermal resistance of device R jc , the LED device number N, the thermal resistance of heatsink R hs , and the thermal conductivity of heatsink and air (k hs and k flui d ), the geometrical parameters of the heatsink (W, L , A base H f and t f etc.), the Reynold number R e , the Prandtl number P r , and the geometrical parameters of LED device (the equivalent radius for heat source) altogether.
It is an equation that integrates the thermal, electrical and structure parameters of the LED system altogether. . 2) It is pointed out that the parameters α, β, δ, γ, χ and μ can be obtained from a series of optical measurements. 3) For a given thermal performance of R hs and R jc , the luminous efficacy E is related to the electrical power P d . In general, E decreases with increasing power P d and the relationship is close to but not exactly a straight line. 4) If space for the heatsink is limitation, the heatsink with low spreading thermal resistance R s should be designed for the heatsink in order to decrease the variation of the light efficiency of an LED system at higher temperature. 5) It can been seen that the luminous flux of an LED system is dependent on the geometrical parameters of the parallel plate-fin heatsink and the spreading thermal resistance. However, no quantitative model has been previously worked to link the optical characterization of the LED system to the geometrical characteristics of the parallel plate-fin heatsink. Therefore, (20) provides a new formulation linking the optical characterization of the LED system to the geometrical parameters of the parallel plate-fin heatsink. 6) It is pointed out that (20) is only applicable for the parallel plate-fin heatsink.
Experiment Verifications
The samples under test were mounted to a temperature-controlled heatsink which was attached to an integrating sphere. The temperature-controlled heatsink was used to stabilize the junction temperature of the LED source for the optical measurements and it also served a thermal measurements. Thermal and optical tests of LED devices were conducted in steady-state conditions with the TeraLED & T3Ster system. The voltage change of the LED devices with temperature variation is captured using the T3Ster. The T3ster captures the thermal transient response in real time, records the cooling/heating curve, and then evaluates the cooling/heating curves for plotting the thermal characteristics. The heating current for the samples is 0.35 A and the heating/cooling time is 25 minutes. The measured current is 5 mA. For voltage-temperature-sensitive parameter calibration, a small current of 5 mA is applied to a temperature-controlled heatsink (at different temperature values: 25°C, 35°C, 45°C, and 55°C) under a pulsed-current injection mode with a small duty cycle. The junction temperature and thermal resistance of the LED package could be extracted using the thermal structure function and voltage-temperature-sensitive parameter, which is based on the distribution RC networks [15] .
The light output of the LED device is measured under steady temperature using the PMS-50 spectro-photocolorimeter. The model number of LED is CREE XREWHT-L1-0000-007F5 and the dimensions of the LED's base are 7 mm x 9 mm. The air flow condition and thermal parameters are shown in Table 1 . There are two geometrical structures of the parallel plate-fin heatsink in the experiment. The detail geometrical parameters of heatsink-A and heatsink-B are shown in Tables 2 TABLE 2 Geometrical Parameters of the Heatsink-A and 3. There are sixteen and eight LED sources mounted on the heatsink-A and heatsink-B, respectively. In practice, a thermal conductor with electrical isolation is used to isolate LEDs from the heatsink, which is to ensure good thermal contact. The thermal resistance of such thermal conductor is relatively small when compared with thermal resistance of LEDs and is neglected. It is obviously indicated that heat flows from LED's base with narrow region into heatsink's base with larger sectional area. The spreading thermal resistance between LEDs and the heatsink should be included into the thermal model of the LED systems, as shown in (8) .
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The purpose of this work is to propose a typical parallel plate-fin heatsink model for thermal and optical management of the LED systems. The proposed models are tested on the LED systems with a given heatsink. The important geometrical variables of the parallel plate-fin heatsink are base surface area, number, length and height of fins. The temperature points of the heatsink obtained from theoretical calculation are compared to that obtained from experiment. The distribution of heat flux and temperature inside the LED systems are dependent on flow conditions and thermal characteristics of the LED sources and the heatsink. The thermal and geometrical parameters of the heatsink are given in Table 1 .
The heat power of LED device is obtained based on optical and electrical tests [14] . Fig. 3 shows that measured and theoretical junction temperatures are captured using by the theoretical expression of (16) for the LED systems mounted on the heatsink-A and heatsink-B. The average deviation between the theoretical values and the experiments is about 4.9%. The maximum error between the theoretical values and experimental results is 13.3%. The agreement between experiment and theory is reasonably good.
The wall plug efficiency is measured at different electrical power and heatsink temperature levels. The required parameters of (13) can be obtained using optical measurement in the following: α = −0.002, β = 0.339, δ = −0.0012, γ = 0.0413, χ = 0.2824, μ = 0.263. Based on these parameters, the calculated and experimental optical power of the LED systems are captured and shown in Fig. 4 .
As P d is enhanced from zero, P op t raises linearly when P d is low. As P d keeps on enhance, the heat flow will decrease P op t obviously. When the optical power increases to maximum value, P op t will decrease with P d . The optical power with electrical power is a parabola function. Therefore it has a maximum value of light output P * d . This P * d will move to small value with enhancing the heatsink temperature or heat dissipation. It shows the relationship between the electrical power P * d the theoretical values and experimental results is 14.1%. The minimum deviation between the theoretical values and experimental results is 1.7%.It has been analyzed and explained the variation trend of luminous flux-electrical power based on the PET theory [14] . As shown in the Figs. 3-6 , the deviations between experimental and theoretical results are caused by several assumptions for the proposed model. For the LED device, the model for the LED systems assumes that the LED devices are identical and that the heat distribution is even. For the heatsink, the model for the heatsink assumes that the heat flow inside heatsink is 1-D motion. Compared to practical heat flow distribution, the calculated junction temperature using by the proposed model is higher than that of the actual practical operation. Thus, the calculated light output is lower than that of the experimental results. We understand that these three assumptions are not perfect. However, this is a simple starting point that allows the PET theory including to heatsink structure to give fairly good prediction without complicated thermal simulation tool (such as ANSYS, FLOTHERM, COMSOL), as indicated in the experimental verifications.
Conclusion
The proposed model that combines the thermal characteristics of a typical parallel plate-fin heatsink and photo-electro-thermal (PET) theory is shown in this paper for modeling LED lighting application. The modeling method links the geometrical parameters of the heatsink and optical, electrical, and thermal characteristics of the LED systems altogether. The proposed modeling method has been proved with a series of experimental results. The good agreements between the calculated and measured results show that the proposed model can offer good estimations of the junction temperature, heat dissipation coefficient, optical power and luminous flux of the LED systems. This model is especially suitable for apply as a modeling tool to study thermal and optical characterization of the LED systems with a given parallel plate-fin heatsink.
